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Current Biology 26, R445-R460, June 6, 2016 had made a major contribution to early molecular biology by demonstrating that in certain viruses not only DNA, but also RNA can be a carrier of genetic information. After the basic logic of molecular genetics had been worked out, Gierer had turned to more complex problems such as the development of multicellular organisms. Gierer's group had chosen hydra as a model to study basic principles of development. The regeneration experiments with hydra, starting from disintegrated adult tissue in Gierer's laboratory, had corroborated recent fi ndings by John Gurdon in Oxford that had clearly shown that the genome remained intact during cell differentiation. This strongly suggested that it was differential gene expression that controlled development, and, therefore, people became interested in cell-type-specifi c DNA binding proteins that might act as regulators of differential transcription.
Meinhardt joined this effort and in 1969 started to isolate non-histone DNA-binding proteins. In retrospect this idea was completely correct. However, in the late 1960s, the methods to reach this goal were much too crude, and only genetic approaches would later identify the genes coding for the relevant transcription factors. During his time in Tübingen, Meinhardt heard a lecture by Günter Gerisch who had just shown that cell aggregation in Dictyostelium involved synchronized oscillations. Meinhardt realized that his skills in computer simulation acquired as a physicist could be applied to this problem. Gierer himself had thought about models for spatial patterning and was happy to further develop these ideas and scrutinize them by numerical simulations.
The models Meinhardt and Gierer would develop in the following months were inspired by two concepts from cybernetics. The fi rst concept came from the fi eld of pattern recognition. Contrast enhancement in the visual system is achieved through local activation by the stimulus, coupled with an inhibitory effect spreading into the surrounding area. This 'lateral inhibition' enhances small intensity differences in the visual fi eld. However, a pure lateral inhibition system is not self-organizing, as it depends on the structural information of the sensory stimuli. The system thus cannot explain the de novo formation of patterns as had been observed in developmental biology, in particular in experiments just conducted in Gierer's group, which had shown that random aggregates of dissociated hydra cells were able to form complete polyps. Therefore, a second concept was required.
In 1963, Magoroh Maruyama had advocated a second cybernetics addressing processes that amplify small initial deviations. He pointed out that many processes in nature and society were governed by positive feedback while classical cybernetics was mainly concerned with deviation-counteracting negative feedback. In their theory published in 1972, Meinhardt and Gierer combined lateral inhibition with positive feedback. To accomplish spatial patterning, the positive feedback had to be a short-range, local activation, while the inhibition coupled to the activation process had to be long-range. The famous Gierer-Meinhardt equations were formulated in terms of chemical reaction diffusion kinetics, although the underlying concepts were not motivated by biochemistry, and both Gierer and Meinhardt always pointed out that there might be many different realizations of their theory.
In its chemical version, the autocatalytic activator was coupled either to the degradation of a substrate or the production of an inhibitor, both with diffusion rates higher than that of the activator. At the time of publication, the authors were not aware of Alan Turing's 1952 paper, which one of the referees pointed out to them after submission. Indeed, Turing's paper was not well known until 1972. This was largely due to the belief that chemical reaction-diffusion theory would be unable to explain size regulation (scaling) linked to pattern repair and regeneration, a phenomenon of central interest to developmental biologists. However, to understand size regulation in hydra was one of the main goals of the GiererMeinhardt theory. By introducing source densities in addition to the activatorinhibitor system, they could explain scaling, making their theory immediately attractive to developmental biologists.
In the following years, Hans Meinhardt applied this theory to almost every problem in developmental biology where self-regulation or pattern formation played a role, including such diverse
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The famous theoretical biologist Hans Meinhardt died on 11 February 2016 in Tübingen. Meinhardt is well known for mathematical models of biological pattern formation, which he applied to a wide range of problems in developmental biology such as body axis formation, segmentation, limb patterning, regeneration, phyllotaxis and surface patterns -most famously the color patterns on seashells.
Hans Meinhardt studied physics at the University of Cologne. For his PhD, on ß-decay, he worked at the cyclotron of the Max Planck Institute for Nuclear Physics in Heidelberg. Subsequently, he went to CERN for a three year postdoc where he collaborated in experiments studying the decay rate of Xi-minus particles. He found his time in highenergy physics exciting, but ultimately was unsatisfi ed. Experimental work was so intense that there was not enough time to deeply understand the underlying theory.
During his time in Cologne, Meinhardt had seen the beginnings of the Institute of Genetics, the fi rst institute at a German university that was exclusively dedicated to research in molecular biology. The theoretical physicist and founder of molecular phage research Max Delbrück was a co-founder of the Institute and, at the opening ceremony in 1962, Niels Bohr (one of Delbrück's mentors) held the lecture "Light and life revisited", which Meinhardt attended. Thus, he was well aware of the molecular revolution in biology, and decided to enter this fi eld. Tübingen was a particularly attractive location for this, as there were three Max Planck Institutes with biological research topics.
Meinhardt was fi rst attracted by work at the Max Planck Institute of Biological Cybernetics, where the Reichhardt group was successfully using theoretical modeling to explain visual orientation in fl ies and other invertebrates. However, as there was no opening with this group, he decided to join the group of Alfred Gierer. Like Delbrück, Gierer was also a theoretical physicist and
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Current Biology 26, R445-R460, June 6, 2016 R449 topics as gradient models for early insect development (focusing on the work of Klaus Sander), appendage patterning in insects, limb formation in vertebrates, segmentation and somitogenesis, formation of spacing patterns for the positioning of stomata in plants or bristles in the epidermis of insects, the generation of net-like and branched structures like venation patterns of leaves, arborizations of trachea and blood vessels, and the chemotactic behavior of eukaryotic cells. This work resulted in a number of single-author papers summarized in the monograph "Models of biological pattern formation" (1982) , which provided a unifying view to a bewildering multitude of complex phenomena.
This work was much more than a stereotypical application of the local activation-lateral inhibition paradigm. Meinhardt was able to unravel the underlying logic of experimental fi ndings and test his hypotheses by simulations. A striking example of this approach was his treatment of the polar coordinate model, which had been proposed for appendage patterning. To explain the results of appendage regeneration after diverse surgical manipulations, the polar coordinate model postulated the existence of circumferential positional values and applied a number of formal rules like the shortest intercalation or complete circle rule. At the time, there was no way to connect these rules to genetic and molecular data. Simply by re-analyzing the material, Meinhardt recognized that most of the observations could be explained in a much more straightforward way by postulating an organizer region for proximal-distal patterning that depended on the contact point of at least three different cellular compartments. 12 years after Meinhardt had suggested this idea, which was originally very unpopular, it was shown to hold true by molecular studies in fl ies.
Meinhardt was always searching for examples of pattern formation in nature, and frequently pointed out that local activation and lateral inhibition are also the basis for explaining a large variety of structures in the inorganic world, including sand dunes, shapes of clouds and patterns of erosion. On walks in the woods, he would, for example, pick up a leaf and start thinking about whether his current models would suffi ce to explain its venation pattern. In 1980, he discovered the fi ne lines of pigmentation on the surface of mussels while eating Spaghetti Frutti di Mare in an Italian restaurant. I remember his enthusiasm when he explained how travelling waves along the growing edge of the mussel's shell could explain this pattern.
Meinhardt mostly worked by himself and had very few students or collaborators throughout his career. One of the most fruitful collaborations emerged, however, in 1984 when Martin Klingler (now a Professor of Biology at Erlangen), asked for a topic for a diploma thesis. Meinhardt suggested that Klingler extend his ideas on mussel pigmentation to the more complex and exquisitely beautiful patterns found on some seashells. Within a year, they were able to simulate a broad spectrum of patterns by superimposing several patterning systems. The degree of similarity between the real pattern and computer-generated images was astonishing and provided the basis for the book "The algorithmic beauty of sea shells" (1995) that made Meinhardt famous to a broad readership of biologists, physicists and mathematicians. In contrast to earlier simulations, which focused on stable steady-state solutions, the work on shell pigmentation explored the properties of coupled oscillations and travelling waves in excitable media. The lessons learnt from this enabled Meinhardt in the following years to address highly dynamic phenomena, such as cell division in E. coli and cortical polarization of chemotactic cells and growth cones.
In the last years before his retirement in 2003, he became more and more fascinated by the general question of axis formation in bilateral animals and of how the bilateral body plan emerged from radially symmetric ancestors such as hydra. This question continued to captivate his interest and led to a number of insightful publications, the last one on the BMP-Chordin signaling network being published in June 2015 shortly before he was hospitalized.
I was fortunate to be in contact with Hans throughout my scientifi c career. We had intense discussions about the new results from Drosophila developmental genetics and in particular about the mechanisms of dorsoventral axis formation. Strong experimental evidence from Drosophila and other insects suggested that dorsoventral axis formation was an excellent example of self-organized patterning. Our discussions would often end with suggestions for experiments, which eventually led to interesting results, but never confi rmed the prediction of the theory. This did not deter Hans. I remember telling him that we believed that dorsoventral axis formation depended on a locally produced ligand, which was diffusible in the extraembryonic space (perivitelline space). He immediately replied: if this is true you should be able to transplant the extraembryonic fl uid and induce dorsoventral axes in mutant embryos lacking the ligand. In fact, David Stein and I did these experiments in the lab of Christiane Nüsslein-Volhard and showed that such a ligand indeed existed.
While these experiments disproved self-organization at the level of the embryo, this just shifted the problem of how polarity was established from the embryogenesis to oogenesis, and ultimately to intracellular patterning. This topic is still not fully understood, and is one that Hans identifi ed, together with the control of organ size, as one of the major unresolved questions in developmental biology.
Up to his death, Hans was still full of enthusiasm and had plans for future projects. He will be missed. But his work has entered the textbooks and will continue to inspire those who wonder how complex structures emerge from simple beginnings.
